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We demonstrate a precision frequency measurement using a phase-stabilized 120-km 
optical fiber link over a physical distance of 50 km.  The transition frequency of the 87Sr 
optical lattice clock at the University of Tokyo is measured to be 429228004229874.1(2.4) 
Hz referenced to international atomic time (TAI).  The measured frequency agrees with 
results obtained in Boulder and Paris at a 6×10-16 fractional level, which matches the 
current best evaluations of Cs primary frequency standards.  The results demonstrate the 
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excellent functions of the intercity optical fibre link, and the great potential of optical 
lattice clocks for use in the redefinition of the second. 
          OCIS codes: 120.3940, 120.4800, 060.2360. 
 
The precision measurement of time and frequency is of great interest for a wide range of 
applications including fundamental science, metrology, broadband communication networks and 
navigation with global positioning systems (GPS).  The development of optical frequency 
measurement based on femtosecond combs [1, 2] has stimulated the field of frequency 
metrology, especially research on optical frequency standards. An ‘optical lattice clock’ was 
proposed recently [3] in which atoms trapped in an optical lattice serve as quantum references. 
The light shift induced by the trapping field can be precisely cancelled out by carefully designing 
the light shift potential, making it possible to achieve a frequency uncertainty below 10-17 [4].  
By late 2006, frequency measurements for Sr lattice clocks had been carried out by groups at 
Tokyo-NMIJ [4, 5], JILA (Boulder) [6], and SYRTE (Paris) [7], and the agreement between the 
results obtained by three groups reached the 7.5×10-15 fractional level.  Based on these results, 
the Sr lattice clock was recommended by the International Committee for Weights and Measures 
(CIPM) as one of ‘the secondary representations of the second’ (candidates for the redefinition of 
the second). 
One major challenge for scientists working on high-precision frequency standards and 
measurements is to deliver and compare state-of-the-art clocks in different locations.  The 
ubiquitous fiber optic network has the potential to allow us to transfer frequencies with 
extremely low phase noise [8-14].  Microwave frequencies have been faithfully transmitted over 
a modulated optical signal with a fractional frequency instability of 8×10-15 at 1 s through a 43-
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km fiber [10].  By using the higher frequencies available with an optical carrier, we can further 
increase the signal counting rate and achieve an instability that is several orders of magnitude 
lower [9].  This very stable optical carrier transfer can be used to compare two optical clocks 
without degrading their stability and accuracy [14]. Results have been reported for tests of 
coherent optical frequency transfer with residual frequency instabilities of 1×10-17 through a 32-
km fiber [11] and 2×10-16 through 251-km fibers [12] at 1 s.  In proof-of-principle studies for 
distant optical transfer, most of the fibers consisted of a stable exclusive fiber network including 
spooled fibers in the laboratory, whose loss and intrinsic noise are relatively small compared 
with actually installed fiber networks. Here, we demonstrate the first precision frequency 
measurement based on an optical carrier transfer over a 120-km long-haul fiber network 
composed of installed rural and urban telecom fibers.  The transition frequency of the Sr optical 
lattice clock in Tokyo is determined in as little as 3 hours, with an uncertainty about half that in 
our previous 9-day measurement using a GPS link [5]. 
Figure 1 is a diagram of a remote absolute frequency measurement using the intercity 
optical carrier fiber link between the University of Tokyo and the National Metrology Institute of 
Japan (NMIJ) at Tsukuba.  In outline, the Sr lattice clock located in Tokyo is measured based on 
an H-maser (NMIJ-HM2) in Tsukuba using a fiber link, while the H-maser is calibrated using a 
Cs fountain clock (NMIJ-F1) and a frequency link to the TAI.  The 120-km fiber network 
consists of a 100-km fiber network provided by the Japan Gigabit Network 2, and commercial 
fibers in both Tokyo (15 km) and Tsukuba (5 km).  The fiber losses at 1.5 μm are 15 dB in 
Tokyo, 30 dB between Tokyo and Tsukuba, and 7 dB in Tsukuba. 
A self-referenced [2] fiber comb is phase-locked to the H-maser.  A narrow linewidth 
fiber DFB laser operating at 1542 nm is phase-locked to the fiber comb to convert the microwave 
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signal of the H-maser into an optical signal for fiber transfer.  The input optical power at 
Tsukuba is about 10 mW, which is limited by stimulated Brillouin scattering, and consequently 
the output power at Tokyo is about 50 nW.  An external cavity diode laser located in Tokyo is 
used as a repeater. The laser is phase-locked to the transferred light with an offset frequency of 
40 MHz to make it possible to distinguish the round-trip light from the stray reflections in the 
fiber.  The light is then sent back to Tsukuba so that its phase can be compared with that of the 
original light and thus allows the detection of the fiber length fluctuation [8] caused by both 
acoustic noise and temperature variations.  A fiber stretcher and an acousto-optic modulator are 
used to servo control the fiber length and thus suppress the phase noise [15]. 
The frequency of the repeater laser in Tokyo is doubled by using a periodically poled 
LiNbO3 crystal, and is measured by using a self-referenced Ti:sapphire (Ti:S) comb at 771 nm.  
The Ti:S comb phase-locked to the Sr lattice clock converts the Sr frequency to the entire Ti:S 
comb measurement range covering 500 to 1100 nm.  The Sr lattice clock is a one-dimensional 
optical lattice clock with ultracold spin-polarized fermionic 87Sr atoms [5]. 
Figure 2(a) shows the time variation of the measured Sr frequency based on a fiber-linked 
H-maser with a counter gate time of 1 s.  The Allan standard deviation (fractional frequency 
instability) of the measured frequency is calculated and shown as a solid curve with filled circles 
in Fig. 2(b).  The Allan standard deviation is given by 4.7×10-13/τ1/2 (blue solid line), where the 
1/τ1/2 slope indicates white frequency noise.  The Allan standard deviation at 1 s is mainly 
limited by the instability of NMIJ-HM2.  The typical Allan standard deviation of the Sr lattice 
clock is also shown in Fig. 2(b) as a dotted line (1×10-14/τ1/2 for an averaging time τ>100 s), and 
is about 30 times smaller than that of the measured frequency.  The frequency instability of the 
coherent optical carrier transfer with active phase noise cancellation is 8×10-16 at 1 s and is 
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shown as a dashed line in Fig. 2(b).  This result indicates that clock’s performance is transferred 
without degrading its stability. 
The measurement yields an average frequency of fave=429228004229874.1 Hz. Table 1 
shows the applied systematic corrections and their uncertainties.  The main correction involves 
the frequency of NMIJ-HM2 referred to NMIJ-F1. Since we are evaluating the uncertainty of 
NMIJ-F1 (now 4×10-15) (long-term instability well below 1×10-15), and we have been reporting 
NMIJ-F1 to the International Bureau of Weights and Measures (BIPM) during the measurement 
[16], we traced the ‘second’ back to TAI to improve the accuracy of the present measurement. 
The relatively large uncertainty comes from the measurement-time-limited stability that is 
calculated from the Allan standard deviation of the measured frequency 4.7×10-13/τ1/2 at 10682 s. 
The systematic corrections of the Sr lattice clock itself correspond to the results of our previous 
investigations [5], except with respect to the gravitational shift.  We found a correction of + 9 m 
for the previous Sr clock attitude calculation, which led to a – 0.43 Hz correction in the 
gravitational shift. The newly determined absolute frequency is well within the uncertainty of our 
previous measurement [5] (as shown in Fig. 3).  The overall uncertainty of the measured 
frequency is 2.4 Hz. 
Figure 3 compares the absolute frequencies of the Sr lattice clock measured by the three 
groups.  Our newly determined Sr frequency obtained using the optical carrier fiber link agrees 
with the JILA [17] and SYRTE [18] results with a standard deviation of 0.27 Hz (corresponding 
to a fractional uncertainty of 6×10-16).  The absolute frequency measurements of the JILA and 
the SYRTE Sr lattice clocks are based on their local fountains, NIST-F1 and SYRTE-FO1&FO2, 
respectively, which have a frequency uncertainty of about 4×10-16.  In contrast, the absolute 
frequency measurement of the Tokyo Sr lattice clock is based on a precise frequency link to TAI, 
 6 
which now has an unprecedentedly low uncertainty near 5×10-16 obtained by averaging an 
ensemble of nine fountains from seven laboratories including NMIJ-F1 over 2 years [19].  The 
agreement between the three groups as regards the Sr frequency measurement has reached the 
level of the current best evaluations of Cs primary frequency standards for the second.  It is 
worth mentioning that we can no longer expect to achieve better agreement as long as we rely on 
the current TAI, which is maintained by an ensemble of Cs clocks. This fact naturally suggests 
the need to redefine the second in the near future and thus achieve a better international clock 
comparison beyond the mid 10-16 fractional level, which is the Cs limit. 
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Table 1 Systematic frequency corrections and uncertainties for the Sr optical lattice clock. 
Effect Correction 
(Hz) 
Uncertainty 
(Hz) 
Frequency link 
 [(NMIJ-HM2) – (NMIJ-F1)] 
-54.90 
 
1.15 
Frequency link 
 [(NMIJ-F1) – TAI] 
-1.50 0.69 
 
 Frequency measurement 0 1.9 
Blackbody shift 2.4 0.2 
Second order Zeeman shift 0.77 0.01 
Gravitational shift -0.93 0.09 
Collision shift 0.4 0.3 
Lattice scalar light shift -0.22 0.33 
Lattice fourth order light shift -0.017 0.015 
Probe laser light shift 0.030 0.001 
Systematic total -53.97 2.4 
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Figure captions 
 
Fig. 1. (Color online) Diagram of remote absolute frequency measurement using a 120-km 
coherent optical transfer between two cities.  Ti:s, Ti:sapphire; frep, repetition rate of the comb. 
 
Fig. 2. (Color online) Measurement results for a Sr lattice clock based on a fiber-linked H-maser. 
(a) Time variation of the measured frequency. (b) Allan standard deviation of the measured 
frequency (solid curve with filled circles).  Also shown are the Allan standard deviations of the 
Sr optical lattice clock (dotted line) and the fiber link (dashed line). 
 
Fig. 3. (Color online) Comparison of the absolute frequencies of Sr lattice clocks measured by 
three groups.  The absolute frequency of the Sr lattice clock in Tokyo is 
429228004229874.1(2.4) Hz, which agrees with the results from JILA [17] and SYRTE [18] 
with a fractional uncertainty of 6×10-16. Also shown is the result of our last measurement [5]. 
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